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Abstract
We are engaged in a study of a seafloor landslide off the coast of Santa Barbara,
California. A large scar there remains from the Goleta slide, a well studied feature
(1.51 km3 of failed material) that likely failed several thousand years ago. A smaller
neighboring feature, the Gaviota slide (0.02 km3 of failed material), was probably
triggered during the 1812 Santa Barbara earthquake.
Our investigations started in 2004 with a chirp sonar survey. The survey
revealed a relationship between a “crack” in the sediment propagating from the
Gaviota slide’s headwall and a thrust fault clearly seen in the subsurface layers. In
the next phase of our project we are applying three new time-lapse seafloor geodetic
techniques that vary in spatial and temporal resolution. One method uses optical
fibers stretched and buried in the sediment to monitor creep. Each cable has an
optical system that measures the absolute length of the stretched optical fiber with a
precision of 1 mm every hour. The cables vary in length from 250 m to 750 m. A
second system consists of an array of precise acoustic transponders on the seafloor
interrogated by several buoyantly suspended command nodes. Offshore engineering
tests of these reveal a precision of 5 mm over baselines up to 2 km. Finally, we are
developing an AUV-borne precision mapping capability that promises to provide a
monitor of seafloor shape changes that occur over tracklines of many kilometers in
length with a precision goal of 10 cm. We are currently preparing these geodetic
monitoring tools for deployment across a presumed future headwall near the Gaviota
slide in a nested fashion to provide redundancy and a means to compare resolutions.
Introduction
As marine geoscientists image seafloor morphology with higher resolution, evidence
of the widespread occurrence of seafloor landslides grows. An excellent example of
one we can readily observe is located not far from the facilities at Scripps Institution
of Oceanography. Under a collaboration between Scripps and BP America, we are
engaged in a study of a seafloor landslide off the coast of Santa Barbara, California.
A large scar there, the Goleta slide, is adjacent to a smaller feature, the Gaviota
slide, which displays an intriguing feature: a 50-m-wide depression or “crack” in the
sediment aligned with the head scarp and extending eastward for about 2 km. This
potential head scarp occurs in an area with a high concentration of slope parallel rills
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located on the steepest (5º) slope along the northern flank of the Santa Barbara basin.
We are studying the feature using a combination of sediment penetrating sonar, core
samples, and precise geodetic measurements to determine if the seafloor is
undergoing slow creep, widening the depression in the seafloor. If the displacement
of the slide volume was sudden in past events, future failures may occur in a similar
manner and produce a damaging tsunami. If the failure proceeded gradually in the
past through creep, then the level of hazard today is lessened.
Geologic Setting
Signs of seafloor instability are abundantly evident along the north slope of the Santa
Barbara Basin (Figure 1), mostly through the concentration of landslides. The region
is part of the California Continental Borderland and is subject to significant
disturbance from earthquakes (the San Andreas fault is less than 100 km from the
coast, and several less prominent faults are close by). Evidence of pore fluid
overpressure can be found in fluid-generated rills running down some of the slopes
and biological activity marking fluid vents. High resolution bathymetry reveals a
number of past slides ranging in size from 0.01 km3 up to 1.5 km3 in volume of failed
material. Analysis of sediments overlying the failed material shows that the slides
occurred in the past 10,000 years; one slide, the Gaviota slide, was very recent —
probably coincident with the 1812 magnitude 7.2 Santa Barbara earthquake. The
Gaviota slide is one of two in the Basin that have seafloor linear depressions
associated with them that may represent propagating head scarps, or signs that further
failure is imminent.
Slides in area the have been studied for some time, as the Santa Barbara basin
currently produces oil from several offshore platforms. The Gaviota slide was first
studied by Edwards et al. (1995) who examined its morphology and internal
geometry using high-resolution seismic-reflection data in combination with core
samples. They were able to limit the time since occurrence to the last few hundred
years by analyzing the thickness of the sediment cap resting on top of the disturbed
material. More recent studies by H. G. Greene and coworkers (e.g., Greene et al.,
2006) have provided high-resolution bathymetry, some seismic reflection profiles,
and core samples.
Our work is focusing on time-lapse geodetic measurements guided by
findings from an initial high-resolution chirp sonar survey. Much of our attention
will be focused on the depression propagating from and parallel to the Gaviota head
wall (Figure 2). It is possible that it formed during the initial failure of the Gaviota
slide. Alternatively, it could represent present day, slow downslope creep of
sediment, delineating the up-slope edge of an incipient area of mass wasting that may
be stimulated into failure by an earthquake or an increase in pore pressure from fluid
venting. Our working hypothesis is that linear depressions observed on many
continental margins represent the initial stage of slope failure of the outer shelf and
upper slope, and are destined to become headwalls of future submarine landslides
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Figure 1. A map showing the locations of the Gaviota and Goleta slides.

Figure 2. A closeup of the Gaviota slide (the width of the failed material
is about 1.6 km) showing the linear depression extending some 2 km to
the east from the NE corner of the headwall. Locations of planned
geodetic sensors are shown in blue for fiber optics and red for acoustic
(see text). The depth scale is in meters.
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(both in the Santa Barbara Basin and along the US east coast). New knowledge
about slope instability and land sliding will lead to a greater understanding of how
cycles of broad-scale mass wasting, canyon cutting, and sedimentation interact to
shape the observed morphology of continental margins. We describe below the
results from the initial survey and engineering tests of geodetic equipment we
anticipate installing on the Gaviota Slide in late 2006.
Chirp Sonar
We conducted a high-resolution chirp sub-bottom survey of the region to define the
geologic framework and to identify deployment sites for geodetic sensors. In late
July/early August 2004, we acquired over 1000-line km of high-resolution chirp data
and a number of gravity cores (up to 2 m in length) to define the surficial geology.
The cores have been split and diagnostic fine-grained flood layers from the Ventura
and the Santa Clara river systems are observed (see http://schwehr.org/Gaviota/bpsioAug04/core-splitting/).
The key result of the chirp sonar survey is the detection of a blind thrust fault
coincident with the incipient headwall. The fault is evident through all layers except
the most shallow—a thin veneer of recent sediment—indicating rupture of the fault in
the Holocene or late Pleistocene. Apparently, the location of past slide headwalls,
and potential future headwalls, is associated with the location of this blind thrust
fault.
Repeat AUV Mapping
We are developing an autonomous underwater vehicle (AUV)-based acoustic repeat
mapping system to repeatedly survey the region of the potential headwall trending
eastward from the Gaviota slide. Surveys are planned for regular intervals, as well as
when the time series from the other geodetic components indicate that a change has
occurred. The AUV is a mid-size Bluefin 21 (21 inch [53 cm] inside diameter)
vehicle manufactured by Bluefin Robotics in Boston, MA. The Bluefin 21 embodies
significant advances in all areas of AUV technology including a highly modular
design, a robust vectored thrust system, state-of-the-art pressure-compensated lithium
polymer batteries for energy storage, and advanced user interface and control
software. Modifications made to the AUV’s thrust system to significantly reduce the
level of the acoustic noise are expected to greatly enhance the quality of the acoustic
imaging and subbottom profiling data.
The AUV-based repeat mapping system will use the acoustic geodesy
network of high-precision acoustic transponders (described in the next section) and
data collection nodes to determine the absolute position of the AUV within the
network to decimeter accuracy. The information provided by this long baseline
acoustic navigation system will be supplemented by data from a fiber-optic-gyrobased inertial navigation system (INS) mounted in the AUV, which will allow the
survey area to be extended even farther outside the transponder/node network. In
addition, a Doppler velocity logging instrument (DVL) will provide speed and
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direction of motion over ground. An on-board pressure sensor provides
measurements of vehicle depth to 0.1 m accuracy in shallow water regions. The main
acoustic imaging system being integrated into the AUV is a 6,000 m depth-rated, 260
kHz, model 837 Delta T multibeam profiling sonar made by Imagenex Technology
Corp. This sonar is specifically designed for use on AUVs and small ROVs. The
expected spatial resolution of the acoustic image of the ocean bottom is about 1/10 to
1/50 of the distance of the AUV from the bottom. Therefore, to obtain acoustic
images with decimeter resolution, the AUV must conduct the survey within a few
meters of the ocean bottom.

Figure 3. A schematic of the Bluefin 21 AUV showing locations of key
instruments. The diameter of the vehicle is 21 inches (53 cm).
At the time of this writing, the integration of components is well along the
path to completion. Initial tests are scheduled for the latter half of 2006. Additional
information on the AUV-based repeat bathymetric mapping system can be found in
D’Spain et al. (2006).
Acoustic Geodesy
The Acoustic Geodesy system is comprised of two sets of components: precision
transponders and nodes. The precision transponders, placed on the sea floor to
straddle a feature of interest, listen for a coded acoustic signal sent from one of the
nodes. Upon receipt they retransmit it with a well characterized time delay. The
nodes are autonomous transmitters, receivers, and data recorders housed in buoyant
spheres moored a few tens of meters above the seafloor. They are located as widely
spaced as possible from one another, with the primary constraint being that each node
must have a clear path to all of the precision transponders. At a user-controlled
interval (hourly, daily), in quick sequence each node interrogates the transponder
field, all replying to a single interrogation. The resulting acoustic round-trip travel
times from each node to each transponder can be used to determine the array
geometry, including the precise positions of the transponders (Figure 4).
Based upon the methodology reported in Sweeney et al. (2005), we conducted
a pre-analysis of the proposed configuration to determine both resolution and
robustness of the positional estimates of the seafloor transponders. In this simulation
(based on a number of at sea experiments), the relative depths of the seafloor
transponders and the nodes are assumed known to ± 2 cm, the measured acoustic
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range between each node and transponder is assumed accurate to ± 3 microsecond,
and the sound speed is assumed stable within 10 ppm during the few minutes required
to collect the range data.

Figure 4. An indirect-path system configuration. The transponders on the
seafloor provide the geodetic reference points. The buoyed nodes function
as the interrogation units and have a direct acoustic path to each seafloor
transponder. Transponder and node depths are determined at the time of
installation. Dashed lines show the acoustic ranges measured from a node
when it is active as the interrogator. Each node in turn acts as the
interrogator.
To test the viability of the approach we simulated a complete cycle of 10
acoustic ranges between each node and transponder. The resulting 95% error ellipse
shows the resolution of the system is ± 1 cm during any given session. Multiple
sessions can be averaged together to improve the resolution of the positional
estimates.
A Fiber Optic Strain Sensor
EDMs (electronic distance meters) are standard surveying tools. They determine
distances to remote reflectors by timing the round-trip travel time of light through the
atmosphere. Most emit intensity modulated infra-red light and can collect returns
from reflectors placed several km away. The most accurate EDMs can determine the
light travel time with a precision adequate to infer the distance to the reflector to
within ± 1 or 2 mm over several km. While these instruments are designed to operate
through the atmosphere, they can be made to measure the length of an optical fiber by
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focusing the transmitted beam into the fiber’s core and coupling the light emerging
from the fiber’s other end into the EDM receiver optics (Zumberge, 1997).
In our marine use of this technique, we built an instrument to measure strain
across a seafloor feature, which might undergo rapid displacement, such as a
spreading ridge, a volcano, or a depression associated with mass-wasting. The
instrument consists of an optical fiber stretched between two anchors placed several
hundred meters apart on the seafloor. One anchor is active and houses the EDM, a
data logger, and batteries. The other anchor is passive and serves only to fix the other
end of the fiber to the sea floor. If the two anchors are displaced with respect to one
another by a geomechanical process, then the length of the stretched fiber changes.
This change is recorded by the EDM. So that the optical fibers can survive the
pressure from the seawater, they are encased in hermetically sealed stainless steel
tubing.
A prototype instrument was deployed off San Diego in July 2000. Figure 5 is
a record of length changes in the approximately 500-m-long fiber for a 50 day period
following the deployment. After an initial settling lasting a few weeks, the length of
the fiber is extremely reproducible. We expect no strain to accumulate at this test
site, and the fiber is definitely tensioned as evidenced during the deployment record.
This “null” experiment confirmed out expectations of the stability of the fiber strain
sensor and our ability to deploy it. The dashed trace in Figure 4 is an estimated 8 mm
offset decaying exponentially with a 20 day time constant (most likely from
relaxation of the cable in the sediment). Scatter around this is less than 1 mm. This
slope projects to be less than 1 mm per year after 100 days.

Figure 5. This is a graph of the observed optical fiber length change from
deployment on day 194 (the vertical spike is the tensioning event that
occurs during installation) to the time of the first acoustic data upload two
months later. These are the changes in lengths of the 501.6 m long optical
fiber. In strain units, full scale is 40 µε. The dashed line is an exponential
fit.
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In the updated version of this sensor, the fiber cable is buried some 15 cm into
the sediment as it is deployed. This promises to provide a more stable record,
decoupling the instrument from temperature changes and currents, and also making
the equipment much more robust and resistant to damage.
Conclusions
Whereas the fiber optic strain sensor (FOSS) and acoustic geodesy technologies make
point measurements of deformation in space and continuous measurements in time
(compared to the time scales of deformation), the AUV repeat-mapping system
measures deformation continuously over an area of a few kilometers on a side
(depending on the swath width of the sonar which in turn depends on the height of the
vehicle above the bottom), but makes point measurements in time. We expect the
combination of these technologies to yield broad spatial and temporal coverage.
Nesting of the acoustic and fiber optic methods will provide a consistency check on
both technologies. Installation is planned for October of 2006 and we are hoping for
initial results in early 2007.
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